F 2 -isoprostanes (IsoPs), lipid peroxidation products, are markers that quantitatively measure levels of oxidative stress. IsoP levels increase in tissues and serum of aging animals suggesting an increase in oxidative stress. This supports the Free Radical Theory of Aging, which proposes that elevated levels of reactive oxygen species (ROS) cause macromolecular damage, and is a factor in the age-associated decline in tissue function. Numerous studies have shown that the longevity of long-lived mutant mice correlates with their resistance to oxidative stress. However, although the Ames dwarf (DW) mice show resistance to oxidative stress, it has not been shown that these mice have inherently lower levels of ROS. Our results show that the serum and liver IsoP levels in DW mice are lower at all ages suggesting that the lower levels of endogenous ROS production in DW mice may be a factor in their resistance to oxidative stress and longevity. Ó 2007 Elsevier Inc. All rights reserved.
Oxidative stress is a major characteristic of aging, the age-related decline in tissue function and in age-associated diseases. The Free Radical Theory of Aging proposes that an increase in ROS production is a major cause of macromolecular damage and age-associated decline in tissue function [1] . Mouse models that carry specific mutations affecting levels of oxidative stress (ROS production) and also exhibit increased life span have been identified. These models strongly support the hypothesis that levels of ROS production may play a key role in longevity determination. In particular, the Snell and Ames dwarf mutants, which lack growth hormone, thyroid stimulating hormone, and prolactin, and live $40-60% longer than their normal littermates [2] have been extensively used in studies of the role of oxidative stress in aging. These long-lived mutants have provided basic information on the role of oxidative metabolism and oxidative stress in longevity determination.
Recent studies also suggest that these dwarf mice are more resistant to oxidative stress generated by environmental factors such as UV, hydrogen peroxide, and paraquat [3] [4] [5] [6] [7] [8] [9] . These mice also have higher levels of antioxidant enzyme activities compared to the wild-type mice (WT) [6, 10, 11] , thus, suggesting a possible mechanism of resistance to external oxidative stress in these long-lived mice. Although there is no direct evidence suggesting that resistance to oxidative stress by the DW mice is due to lower levels of endogenous ROS production our studies have shown that the ROS activated stress response pathway, p38 MAPK, is significantly down regulated in young and aged Snell dwarf mutants [9] . We, therefore, propose that these data strongly suggest lower endogenous levels of ROS in the long-lived mutant.
Studies have indicated that F 2 -isoprostanes (IsoPs) are potentially important markers of the status of oxidative stress in eukaryotes [12] [13] [14] . IsoPs are products of arachidonic acid catalyzed by non-enzymatic free radicals and are present in both tissues and extracellular compartments [12] . Thus, IsoPs reflect the level of oxidative stress due to lipid peroxidation in vivo [15] . Measurement of the levels of these lipid molecules in biological fluids such as serum and urine, and in tissues is well established [16] , and their levels are very reliable markers of the status of oxidative stress in normal aging, disease processes, and pre-and post-acute injuries [12] [13] [14] 17] . Based on these studies, we propose that serum and tissue IsoP levels may be markers of oxidative stress in Ames DW mice (compared to WT) at all ages. In these studies, we have measured the differences in levels of IsoPs in the young, middle-aged and old Ames DW mutant and WT mice. Our results clearly show that the Ames DW mice have lower levels of IsoPs in both serum and liver at all ages, and provide further evidence in support of the Free Radical Theory on Aging. In addition, the differences in IsoP serum levels between aged DW and WT mice significantly decreased suggesting there is a delay in the development of aging characteristics by Ames DW mice. Thus, we propose that Ames DW mice have endogenously lower levels of oxidative stress, that this plays a key role in resistance to oxidative stress generated by environmental factors and lead to longevity in these mice.
Materials and methods
Animals. Ames colony was maintained at the University of Texas Medical Branch (UTMB). Ames mice were generated by mating of Prop1 +/À heterozygous males and females. The progeny was weaned at 1 month of age and tail DNA was collected to genotype Prop1 +/+ (wildtype), Prop1 +/À (heterozygous), and Prop1 À/À (dwarf) mice. Real time RT-PCR was performed in Bio-Rad iCycler (Bio-Rad, CA) using TaqMan Ò probes for allelic discrimination of Prop1 gene. Mice were separated according to their genotype and wild-type and dwarf mice were aged for further use. Young (4-5 months), middle-aged (10-12 months) and old (20-26 months) male wild-type and dwarf mice were maintained at UTMB animal research facility with a 12 h light/dark cycle and fed ad libitum on a standard chow diet before sacrifice.
PCR probes
Sample collection. Immediately after sacrifice of the animal by cervical dislocation and removal of head, blood was collected and allowed to coagulate on ice. Serum was collected by centrifugation of coagulated blood at 2500g for 10 min and collecting the supernatant. The serum samples were then snap-frozen in liquid nitrogen and stored at À80°C for further use. All steps were carried out quickly until the samples were frozen. Following the removal of blood, the liver of the animal was removed and $100 mg of liver piece was put in cryogenic tubes, snapfrozen in liquid nitrogen and stored at À80°C for further use.
Measurements of F 2 -isoprostane levels. F 2 -isoprostane levels were determined by extraction of isoprostanes from serum and liver samples as described previously [16] . IsoP values are reported as pg/mL of serum when obtained for serums from 7 young, 8 middle-aged, and 8 old wild-type and 12 young, 13 middle-aged, and 8 old dwarf mice. IsoP values are reported as ng/ g of tissue when obtained for liver pieces from 5 young, 7 middle-aged, and 8 old wild-type and 12 young, 13 middle-aged, and 4 old dwarf mice. Statistical significance was calculated using the Student's t-test with p < 0.05 and p < 0.005 considered significant and highly significant, respectively.
Results
F 2 -isoprostane levels in serum of Ames WT and DW mice
To determine whether there are changes in the levels of IsoPs that correlate with levels of oxidative stress in Ames WT and DW mice, we measured IsoP levels from sera of young, middle and old age mice. The results in Fig. 1 show that at all ages the levels of IsoPs are lower in DW mice compared to WT ($20% at young age, $25% at middle age and $13% at old age). The small coefficients of variance of these data clearly show statistically significant differences between WT and DW IsoP levels at these ages. In addition, there is a significant increase in IsoP levels in both the mutant and normal mice at old age suggesting that the level of oxidative stress is elevated in the aged animals compared to young and middle age. However, the difference between WT and DW IsoP levels diminishes with age suggesting that the development of aging characteristics is attenuated in DW mice. IsoPs at young, middle, and old age. The results in Fig. 2 demonstrate dramatic differences between WT and DW IsoP levels in livers at all ages, i.e., WT mice have significantly higher levels of IsoPs compared to DW ($45% at young age, $154% at middle age and $272% at old age). Interestingly, there is an age-related two-fold increase in IsoP levels from young to middle age in WT suggesting that these mice are undergoing significantly elevated levels of oxidative stress whereas the DW mice show a slight but no significant increase suggesting a corresponding lower level of oxidative stress. In contrast, both WT and DW mice show a decrease in IsoP levels from middle to old age where in WT the IsoP levels reverted to those of the young; in DW the levels are significantly lower than both young and middle age. These data suggest that in tissues such as liver both WT and DW revert to a lower level of endogenous oxidative stress at this age compared to middle age.
Discussion
The Ames dwarf mouse model, which exhibits a $40-60% increased life span, has been extensively used to study the molecular mechanisms of longevity [2] . The mutation of the Prop 1 locus in this mouse leads to incomplete development of the anterior pituitary gland and to a deficiency of growth hormone, thyroid stimulating hormone, and prolactin [5] . Although numerous studies have indicated that the Ames dwarf mouse model as well as the parallel Snell dwarf model is more resistant to oxidative stress generated by extrinsic factors such as UV light, hydrogen peroxide and paraquat [3, 4, [6] [7] [8] , no studies have conclusively shown that these mice generate less ROS and hence lower levels of oxidative stress. However, that the Ames DW mice exhibit a lower endogenous level of ROS is suggested by our observations that the oxidative stress induced p38 MAPK stress response pathway is down regulated in the DW mice compared to WT [9, [18] [19] [20] . Taken together, these studies suggest that the endogenous ROS levels are significantly lower in the Ames dwarf at all ages.
Our results from the sera of WT and DW mice show that the DW mice have lower levels of IsoPs in young, middle, and old age. Thus, the production of IsoPs from nonenzymatic catalysis of arachidonic acid by free radicals is a more direct marker of decreased levels of endogenous oxidative stress. Furthermore, the lower levels of IsoPs in young, middle, and old ages suggest that resistance to intracellular oxidative stress occurs in all tissues and at all ages of these mutant mice. We conclude that the increase in oxidative stress indicated by IsoP levels, with aging, support the Free Radical Theory of Aging.
Our studies show that the differences in levels of IsoP between WT and DW decrease by old age suggesting that the processes that generate higher levels of ROS in aging tissues are attenuated in DW mice. We propose that this delay is associated with lower levels of oxidative stress at young and middle age that correlates with resistance to oxidative stress. Thus, the biological processes associated with lower endogenous ROS and resistance to oxidative stress are overcome or neutralized in the long-lived mutant but at a delayed rate. Finally, we propose that resistance to oxidative stress promotes longevity in this animal.
The levels of liver IsoP show a similar profile to that of serum such that at any age DW mice have lower levels of IsoPs. However, the levels in liver, in contrast to the serum levels, are much higher, especially at the middle and old age. We propose that the dramatic increase in IsoP levels in livers of WT from young to middle age is indicative of a significant increase in oxidative stress in this tissue and that the mild age-related increase observed in DW mice suggests major differences in endogenous oxidative stress between the WT and long-lived DW mouse. Again, these results support the theory that DW mice show characteristics of delayed aging. In contrast, the decrease in IsoP levels from middle to old age suggests a major change in oxidative metabolism at this stage of the life cycle. This is the first time that such a dramatic change in oxidative metabolism has been reported to occur in normal aged tissue. We hypothesize that as the tissues age, they lose the ability to respire efficiently (normally) thereby decreasing the level of mitochondrial ROS production. Based on the hypothesis it is possible that tissue dysfunction may be due to lower levels of mitochondrial function and that the level of mitochondrial ROS leakage may also slow down. The fact that the decline of IsoP levels is much more dramatic in aged DW mice compared to WT also suggests a possible protec- . Liver F 2 -isoprostane levels from Ames wild-type and dwarf mice. F 2 -isoprostane (IsoP) levels were measured from liver pieces collected from Ames wild-type and dwarf mice as described in Materials and methods. IsoP levels were determined in young (4-5 months), middle-aged (10-12 months), and old (20-24 months) mice. The data represented are averages of IsoP values obtained for liver pieces from 5 young, 7 middleaged, and 8 old wild-type and 12 young, 13 middle-aged, and 4 old dwarf mice. Coefficients of variance for wild-type were 6.5% (young), 10.6% (middle-age), and 10.9% (old), respectively. Coefficients of variance for dwarf were 5% (young), 24.2% (middle-age), and 13.9% (old), respectively. * p < 0.05 compared to young, ** p < 0.005 compared to young, p < 0.05 compared to middle-aged, à p < 0.05 compared to wild-type and àà p < 0.005 compared to wild-type.
tive mechanism in response to oxidative stress in the longlived DW mice, which may involve decreased mitochondrial function or population.
In conclusion, we demonstrate that Ames dwarf mice have lower levels of oxidative stress compared to the wild-type mice; they show characteristics of delayed aging; and their resistance to intracellular oxidative stress may play a key role in delaying the aging phenomenon and conferring extended life-span in these dwarf mutants.
